INTRODUCTION
The multi-item single level capacitated dynamic lotsizing problem consists of scheduling N items over a horizon of T periods. Demands are given and should be satisfied without backlogging. The objective is to minimize the sum of setup costs and inventory holding costs over the horizon subject to a constraint on total capacity in each period. Mathematically, the problem can be stated as: where, N = the number of items, H = the time horizon, D ij = the given demand for item i in period j, I ij = the inventory of item i at the end of period j, x ij = the lot-size of item i in period j, S i = the setup cost for item i, h i = the unit holding cost for item i, k i = the capacity absorption rate for item i, C j = the capacity in period j and is a binary setup variable indicating whether a setup cost must be incurred for item i in period j or not.
Minimize
A multi-item, multi-echelon inventory problem, with stochastic variables is extremely difficult to solve in a realistic time period, which leads to NP (nondeterministic polynomial) -hardness, quite similar to scheduling problem 1 . Hence, it appears highly unlikely that an efficient optimal algorithm will ever be developed. So the search for a good heuristic method is definitely warranted. As a consequence, many heuristics were developed for this problem. Eisenhut's procedure 2 could be called period-byperiod heuristic. His procedure was later extended by many, including Dixon and Silver 3 . Basic assumptions of the Dixon-Silver model are: (i) the requirements for each product are known period by period, (ii) for each product there is a fixed setup cost incurred each time production takes place, (iii) unit production and holding costs are linear, (iv) the time required to set up the machine is negligible, (v) all costs and production rates can vary from product to product but not with respect to time, and (vi) in each period there is a finite amount of machine time available that can vary from period to period. The objective is to determine lot-sizes so that (i) costs are minimized, (ii) no backlogging occurs, and (iii) capacity is not exceeded. It would be more realistic to assume an upper limit, a maximum value of the lot-size from a machine. This restriction may be imposed per setup and this could be a very important parameter from practical point of view for several reasons. Situations like (1) machine's inability to run continuously, and (2) machine may not be available for indefinite period for a particular product, (3) there may be storage limitation for WIP inventory can be considered in this regard. The current research work has thus been directed toward an extension of the Dixon-Silver model considering the above mentioned situation. It is to be noted that Dixon-Silver heuristic allows only one setup for each item in each period. But the limitation on lot-size may need more than one setup in a particular period. So should this limitation be incorporated into Dixon-Silver heuristic, each time an item processed in a new setup is to be considered a new item. This may call for splitting an item into several new items in a particular period. However, the maximum number of the new splitted items will be restricted by the maximum periodical demand of the item. Let the maximum periodic demand and the limited lot-size for the ith item be d max i and x max i, respectively. Then the number of new items for the ith item will be Thus the total number of new items will be So after meeting the lot-size limitation, the total number of items to be considered in the model should be .
In view of the above discussions, the model may now be presented as follows.
Mathematical Model:

Minimize
Subject to
The unit production cost is assumed to be constant for each item. Therefore, the total production cost (excluding setup costs) will be a constant and hence is not included in the model. If initial inventory exists, or if positive ending inventory is desired, then the net requirements should be determined. That is, use the initial inventory to satisfy as much demand as possible in the first few periods. The net requirements, will be that demand not satisfied by the initial inventory. Hence, an equivalent problem is created with zero starting inventory. Now increase the demand in the last period, H, by the desired ending inventory. Now the equivalent problem satisfies the starting and ending inventory constraints.
THE STRUCTURE OF THE HEURISTIC
For a detailed statement of the algorithm the reader is referred to the original publication by Dixon and Silver 3 . Several other mathematical models have been developed to solve these types of NP-hard inventory problem, those are computationally harder and thus require more time in information processing. Often, they become near NP-hard problem, with global search options [4] [5] [6] . This research thus concentrates on basic Dixon-silver heuristic. The purpose of this section is to outline the structure of the heuristic.
The Lot-Sizing Technique
Dixon-Silver heuristic is period-by-period heuristic which is unidirectional in that they proceed by constructing a schedule period by period, starting with period 1. To determine which production lots should be scheduled in each period a priority indices is used. Consider a period R in the process: one certainly has to produce max{0, d iR -I i,R-1 } for all i in order to avoid stock outs in the current period. The remaining capacity (if any) can be used to produce future demands for some future setup costs may be saved at the expense of some added inventory holding costs. Consider items which need a setup in the current period (i.e., d iR > I i,R-1 ). Priority indices which indicate the viability of producing future demands for these items in the current period are then computed. A very simple priority index for the next period's demand would be (
The actual priority indices (U i ) used by the heuristic are more sophisticated in that they try to capture potential savings per time period. In fact they are derived from wellknown heuristics for the single level uncapacitated dynamic lot-sizing problem, e.g., the Silver-Meal criterion 7 . In any case, future demands are included into the current production lot based on the priority index in a greedy fashion until either no lots with a positive index remain or until the capacity constraint is hit. The heuristics then proceed to the next period and the process is repeated.
Ensuring Feasibility
If the total capacity demanded exceeds the capacity available in some period, then some or all of the requirements of that period must be satisfied by production in preceding periods and by such pre-production the infeasibility can be removed.
Consider the determination of lot-sizes in period R. Let AP j be the amount of production (in capacity units) in period R that will be used in future period j. If is the inventory at the end of period j for item i which is resulted from only the currently scheduled production in period R, then .
(
Let CR j be the total demand (in capacity units) in period j. Then (2) The production plan for period R is feasible if and only if the following condition is satisfied for t = 2,…, H. ,
where C j is the capacity in period j. That is, the production in period R for periods R+1 to R+t-1 must exceed the total amount that demand exceeds capacity in those periods, and this must be the case for all t. This set of constraints can be used to guide the selection of which time supplies to increase. It is now the case though that a lot-size may be forced to be increased when U i < 0. Furthermore, it may be necessary to schedule lots which do not exactly satisfy an integer number of periods' requirements. A simple approach to rectifying this difficulty is to increase the lotsizes until the feasibility conditions are satisfied, while minimizing the additional costs incurred.
Implementation of the Heuristic
The original multi-item problem with constant capacity is NP-hard. In the present work a new constraint on upper limit of the lot-size is considered. With this new constraint the problem is also NP-hard. Therefore, a simple heuristic has been developed which guarantees a feasible solution.
Step 1 Create an equivalent demand matrix.
• Convert the initial demand matrix into equivalent demand matrix with the use of initial inventory, ending inventory and safety stock.
• Use the initial inventory to satisfy as much demand as possible in the first few periods. The net requirements will be that demand not satisfied by the initial inventory. During the calculation of the net demands, the amount of the safety stock should be maintained. Let Since the amount of the safety stock is always maintained, the demand in the last period H would be partially satisfied by the safety stock of the period H-1. If ending inventory is desired, then the requirements in period H should be increased by the desired ending inventory.
• Compute the net demands for all i = 1, 2, …, N.
Step 2 Check the feasibility of the problem.
Feasibility Condition: .
If the feasibility condition is not satisfied, the problem is infeasible, i.e., all demands cannot be met with the available capacity.
Step 3 Convert the multi-setup problem into single setup problem.
Step
• Find the number of new items n i to be considered to satisfy demand d max i using the formula Then the number of total items after limiting the lot-size is . Item i is splitted into n i + 1 items. Let the new items be. , ,…. Initially set d rem ij = d ij and l = 0.
Then set .
Compute .
Set l = l +1 and recycle up to l = n i . Now the equivalent demand matrix is converted into a new demand matrix .
Step 3.2 • Initialize the values of setup cost, holding cost and capacity absorption rate for the new items from that of the N items by using the formulas = = … = = S i , = = … = = h i and = = … = = k i .
Step 4 Step 4.1 • Start at period 1, i.e., set R = 1.
Step 4.2 • Initialize lot-size by equalizing to demand , i.e., set i = 1, 2, …, N ' and j = 1, 2, …, H. • Calculate remaining allowable amount x rem ij that can be produced if x ij is produced at period j by x rem ij = x max i -x ij i = 1, 2, …, N ' and j = 1, 2, …, H.
•
Initially set the value of time supply to one i.e. T i =1, where i = 1, 2, …, N ' . Time supply T i denote the integer number of periods requirements that this lot will exactly satisfy. Step 4.5 • Calculate AP j and CR j by the following formulas and .
• Determine the earliest period t c at which the feasibility constraint (3) is not satisfied, i.e., set t c = min .
If there is no infeasibility, set t c = H + 1.
Step 4.6 • Consider only items i' with (1) , (2) x can > 0, where and (3) RC R is sufficient to produce x can . Among these find the item i that has the largest U i , where and .
Step 4. (ii) If t c < H, there are infeasibilities and production of one or more item is to be increased and it is done through Steps 4.8 to 4.11.
Step 4.8 • Calculate the amount of production Q still needed in the current period to eliminate infeasibilities in the later period by the following formula .
Step 4.9 • Consider only items i ' with (1) , (2) x can > 0, where and (3) RC R is sufficient to produce x can . To decide the best item (from a cost standpoint) to be produced in period R, calculate the priority index for all of these items, where .
• Among these find the one, denoted by i, that has the smallest . Step 4.11 -sizing is complete up to period H for N' items.
Step 4.12 • Convert the lot-sizing matrix into lotsizing matrix by applying the formula .
Step 5 
RESULTS WITH THE LIMITED LOT-SIZE PER SETUP
The algorithm developed to generate feasible solution for multi-item single level capacitated lot-sizing problem with limited lot-size was tested in PC version with of a programming language. A near optimal solution was obtained. This section presents the results obtained from the modified model.
The algorithm has been tested with hypothetical data. It is assumed that entire production to meet demands is done in the plant and no subcontracting is permissible. Moreover, a further assumption is made that plant capacity could not be increased.
Product Data
The relevant product data (e.g., holding cost, setup cost, production rate, safety stock, initial inventory and ending inventory) has been depicted in Table 1 . The problem size has been restricted at 12 products and 12 time periods; each time period corresponds to a month.
Product Demand and Plant Capacity
Product demands are quite seasonal and the same seasonal indices are used for all the products. Forecasted demand and the capacity of the machine are shown in Table 2 . It has been assumed that the capacity per month is the total number of hours available per month. Two percent of the capacity is reserved as a buffer to guard against uncertainty in the actual production rate. In this hypothetical problem, Period 1 corresponds to the month of June, Period 2 corresponds to the month of July. Thus the machine capacity in Period 1 is 98% of the total hours in June, i.e., 30 × 24 × 0.98 = 706 hours. To be in the safe side, it has been assumed that the number of days in February is 28. Then the machine capacity in Period 9 is 28 × 24 × 0.98 = 660 hours. Similarly the machine capacity for the other periods has been calculated. Table 3 depicts the equivalent demand after considering initial inventory, ending inventory and safety stock. Table 4 shows the final lot-sizes and forecasted machine hour requirements for each period, and Table 5 shows the inventories at the end of each period for all items. The following results have also been found after applying the heuristic with the limited lot-size per setup. Effect of the limitation on the lot-size is dependent on the extent of reduction of the lot-size. It is obvious that the smaller the allowable lot-size, the greater will be the number of setup which will eventually lead to more splitted items. Thus when the lot-size was reduced by 90%, the
Equivalent Demand Schedule
Results of the Heuristic
model yielded the total number of splitted items of 95 from the original twelve items. This in turn led to the increase number of required setups.
Costs due to implementation of this restriction on lotsize went up quite significantly-the extent of which was found to be more than 23%. Further decrease in lot-size would obviously result in higher costs. But at the lower range of allowable lot-size, there has been a trend of slight increase in setup costs.
To see the effect of the limited lot-size to different parameters, the first value of the limited lot-size of each item has been chosen as shown below. These values have been chosen so that the number of total items after limiting the lot-size remains unchanged and a little decrease in these values will increase the number of total items. 01  40000  02  150000  03  70000  04  40000  05  130000  06  50000  07  9000  08  90000  09  150000  10  250000  11  400000  12  90000 Next the value of the limited lot-size of each item is reduced step by step. With the variation of the limited lotsize, the change of the values of the number of total items, the machine utilization time, total inventory cost, total setup cost, total safety stock cost and total cost has been shown in the following figures. Figure 1 shows the growth rate of number of items as a function of the limited lot-size. This growth rate is increasing with the decrease of the limited lot-size. The decrease in the limited lot-size decreases the amount of production quantity per setup of an item. This decrease in production quantity results in an increase in the number of items. Figure 2 shows the variation of setup cost with the limited lot-size. With the decrease of the limited lot-size, the setup cost increases significantly. If the limited lot-size per setup is decreased, then the number of setup needed is increased accordingly. Therefore the setup cost is also increased. Figure 3 shows the variation of total inventory holding cost with the limited lot-size. With the decrease of the limited lot-size, the variation of the total inventory holding cost is fluctuating. This nature of the variation needs to be more investigation. Figure 4 shows the variation of total cost with the limited lot-size. With the decrease of the limited lot-size, total cost increases, since the setup cost increases significantly, the inventory holding cost is fluctuating and safety stock cost remains almost unchanged.
Item No Maximum Lot-Size
CONCLUSION
Lot-sizing problem has been recognized to be one of the most important functions in industrial units. Thus efforts have been given to develop usable optimizing routines but within limited boundary conditions. Various models have been developed with restricted applications in real-life settings because of their demanding computational enormisity. Thus heuristic models have been evolved. These heuristics produce optimal and near optimal solutions. In the present work the Dixon-Silver heuristic was extended to include a very important parameter, maximum limit of production lot-size from a machine. From analysis and results, the present work has demonstrated that feasible solutions could be obtained with competitive computer usage to a realistic lot-sizing problem. The heuristic is based on a lot-sizing technique and a set of feasibility conditions which should be intuitively appealing to managers. This paper has been concerned with a single stage process. Extension of the heuristic for multiple production stages could be a significant contribution. 
